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Abstract 
 
The possibility of immobilizing ex situ synthesized colloidal bimetallic nanoparticles 
(NPs) of well-defined characteristics inside hollow core photonic crystal fiber (HC-PCF) 
microreactors is demonstrated. With our developed method, PtNi clusters with average 
particle sizes ranging from 4.4 to 8.3 nm remain strongly-attached to the fiber core, and can 
be used as active catalysts for the hydrogenation of an azobenzene dye. The study revealed 
that optical transmission exhibits a size-dependent behavior, i.e., the smaller the NPs always 
bring in less optical signal loss. Sufficient light transmission was achieved for all particle 
sizes and furthermore, these catalytic PCF microreactors allowed to obtain kinetic data with a 
106 times lower amount of precious metals than that of a conventional batch reactor. This new 
generation of PCF microreactors opens up an unprecedented pathway for in situ catalyst 
screening. 
 
Keywords: heterogeneous catalysis, in situ UV/Vis spectroscopy, microreactors, photonic 
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1. Introduction 
 
Catalysis is the cornerstone of many processes in the chemical, pharmaceutical, and 
energy industries [1]. Due to its key importance, novel strategies are required to enhance the 
efficiency and sustainability of catalytic technologies. In this context, the study of catalysts 
under operation is an important tool for their optimization that could lead to reduced operating 
costs, and therefore has received much attention in the last years [2]. Microreactors provide a 
new platform for catalyst screening, as they offer unprecedented advantages such as minimal 
sample consumption, improved safety, enhanced mass transfer, and precise control of reaction 
parameters and conditions [3-5]. Recently, the integration of optical waveguides and 
microfluidic channels led to the new field of optofluidics, which has found a wide range of 
applications in biology and chemistry [6, 7]. In particular, optofluidic microreactors are 
especially interesting for catalysis, as they allow precise control of light and fluid sample, 
enable in situ detection, and could enhance the detection sensitivity and photocatalytic activity 
[8]. 
Our group recently developed a new concept of optofluidic microreactor based on a 
hollow-core photonic crystal fiber [9, 10]. HC-PCFs are optical fibers that consist of a 
micron-scale central hollow core surrounded by a cladding formed by an array of channels 
running along the entire length of the fiber (Fig. 1a) [11, 12]. This configuration uniquely 
allows single-mode and low-loss propagation of light in a tiny liquid-filled core. The resulting 
optofluidic microreactors offer sample volumes that can be as small as a few nanoliter per cm 
interaction length, while the strong confinement in the core maximizes the interaction of light 
with the sample. Furthermore, samples can be easily introduced into the hollow channels 
without the cumbersome post-processing techniques typically needed in conventional fiber 
sensors [10, 13]. Importantly, the system also allows in situ reaction monitoring by absorption 
spectroscopy, with sensitivities not attainable with conventional systems. These unique 
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features have motivated the use of various types of HC-PCFs as highly-sensitive chemical 
sensors [14] and microreactors for photo-chemistry [15-18] and catalysis [9, 19]. 
In a former contribution, we proved that our HC-PCF can be turned into a heterogeneous 
catalytic microreactor [20]. This was achieved by developing a technique based on wet-
impregnation with salt solutions to in situ grow catalyst nanoparticles on the walls of the fiber 
[9]. This process allowed the uniform deposition of Rh NPs over extended lengths of the HC-
PCF microreactor. The NPs obtained ranged from 25 to 120 nm in mean diameters, 
proportional to the amount of Rh precursor concentration used in the impregnation process. 
Unfortunately, this approach did not enable to obtain particles in the range of interest below 
10 nm or the precise control of the catalyst particle characteristics such as particle size and 
shape, while both are particularly important for structure-sensitive reactions such as catalytic 
hydrogenations [21]. Furthermore, although the reaction kinetics were monitored online, 
significant optical losses were obtained (16 dB m-1 at 488 nm for 1% surface coverage and 25 
nm particle size). Alternatively, recent works have also demonstrated the successful 
immobilization of metal NPs (e.g., Au and Ag) on the inner walls of various types of PCFs for 
surface-enhanced Raman scattering applications [22, 23]. However, the resulting fibers 
showed high losses or modified light guidance properties, mainly due to the big size of the NP 
clusters (40-200 nm). In this sense, the development of novel nanocatalysts of small and 
controlled size is crucial, in order to reduce scattering losses inside HC-PCFs.  
Here, those limitations are overcome by incorporating ex situ synthesized small–sized 
colloidal NPs of well-defined properties inside HC-PCFs. In contrast to conventional methods 
of catalyst preparation, the synthesis of colloidal NPs allows high control of the shape and 
size of the NPs within a narrow distribution, which could help to identify correlations between 
the NP structure and its catalytic activity [24, 25]. At the same time, the immobilization of 
small-sized NPs on the core walls of the HC-PCF, away from the guided light at the center of 
the core, would prevent the impairment of the excellent light guidance properties of the fibers. 
  
5 
 
As an actual research direction in catalysis is employing combinations of noble (e.g. Pd, Rh, 
Pt) and non-noble (e.g. Fe, Ni) metals in nanoalloyed NPs, which can improve activity and 
stability of conventional monometallic catalysts and reduce their production costs [26-28], 
this work focuses on bimetallic NPs. From the possible combinations, bimetallic PtNi was 
chosen, which has been previously been successfully applied to several hydrogenation 
reactions [29-31], and their superior performance compared to their monometallic 
counterparts is well proved [32]. 
Thus, the aim of this work is to develop a method for the deposition of ex situ synthesized 
bimetallic PtNi NPs of well-defined characteristics inside HC-PCFs to obtain catalytic HC-
PCF microreactors. Special focus is given in a reproducible loading and a long term stable 
immobilization of the NPs. The performance of the resulting HC-PCF microreactors will be 
investigated in a model structure-sensitive reaction such as the catalytic hydrogenation of 
azobenzene. The azobenzene dye N-ethyl-N-(2-hydroxyethyl)-4-(4-nitrophenylazo)aniline, 
commercially known as Disperse Red 1 (DR1), was chosen as target pollutant. In this case, 
the hydrogenation of azo dyes results in the breakdown of the chromophore [33], and 
therefore to a decrease in absorption over time of the π-π* transitions, which can be in situ 
monitored using absorption spectroscopy in the visible wavelength range. 
2. Experimental Section  
2.1 PtNi NPs synthesis  
 
The size-controlled bimetallic NPs, with average size ranging from 4.4 to 8.3 nm, were 
synthesized as a co-reduction of Pt and Ni following a solvothermal method [34]. Briefly, 
acetylacetonate salts of both metals and the capping agent PVP were dissolved in a mixture of 
benzyl alcohol and aniline for 15 min under stirring at room temperature. Afterwards, the 
solution was introduced in a PTFE-lined vessel and heated at temperatures within the range of 
150-190 °C for different reaction times (6-15 h). The concentration of precursor salts, capping 
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and reducing agents was varied in order to adjust the average size of the NPs. Once the 
reactor was cooled, the colloidal NPs were precipitated by adding an excess of acetone (1:3, 
v/v) to the reacted solution. In the last step, the NPs were purified by dispersion in a solution 
of ethanol/acetone (50-50%, v/v) by sonication, followed by centrifugation (6000 rpm during 
10 min) and removal of the supernatant, obtaining a sludge of PtNi NPs redispersible in water 
and polar solvents.  
2.2 Hollow core photonic crystal fibers 
 
A kagomé-lattice HC-PCF was used (see Fig. 1a). The fiber has a 25-µm hollow core 
surrounded by a cladding microstructure consisting of around 100 channels of 12 µm 
diameter each (overall cladding diameter 140 µm). The fiber was particularly designed in-
house to offer broadband guidance in the 600-1000 nm range, when air filled. The 
transmission window shifts to 300-600 nm when both core and cladding holes are filled with 
isopropanol (n=1.36) [10, 35] and the fiber shows minimum losses of around 1 dB m-1 (at 900 
nm). The mode intensity profile at the fiber output shows that the guided light is indeed well-
confined in the liquid-filled core, when both core and cladding holes are filled. In this case, 
most of the light is guided in the fundamental mode in the core (right inset Fig. 1c). The 
typical fiber length used was L=35 cm, corresponding to a sample volume of just 140 nL in 
the hollow core, and 3000 nL in the cladding channels. 
2.3 PtNi NPs deposition in HC-PCFs  
 
For initial optical loss experiments, size-controlled colloidal PtNi NPs were deposited 
onto the core of HC-PCFs following a similar procedure previously reported [20]. First, the 
cladding microstructure of the fiber was collapsed using a fusion splicer in order to deposit 
the NPs only in the core of the fiber. In this way the introduction of NPs in the small cladding 
channels is avoided and the excellent light guidance properties of the fiber is not hindered. 
Then, impregnation solutions of PtNi NPs in isopropanol at different concentrations (0.1 – 3 × 
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1017 NPs L-1) and sizes (4.4, 6.3 and 8.3 nm) were pumped into the core of the HC-PCF using 
a pressurized reactor until the first droplet of impregnation solution appeared on the open side 
of the fiber (approx. impregnation time ≤ 3 s). Afterwards, the solvent was evaporated for 2 
hours (120 °C, sonication) under vacuum conditions (10 mbar), resulting in the attachment of 
PtNi NPs to the inner fiber core wall. In addition, to prepare reliable catalytic HC-PCF 
microreactors for long-term experiments, the influence of the impregnation time (varied from 
a few seconds to 15 min using a 6.3 nm NP impregnation solution with a concentration of 1.2 
× 1017 NPs L-1) as also the stability of the immobilized clusters during flushing experiments 
was tested.  
2.4 Experimental setup for the hydrogenation of DR1 in HC-PCF (Fig. 1c):  
 
Samples of 1 μM DR1 dissolved in isopropanol were delivered to the HC-PCF via a 
pressurized reactor through a capillary system. The fiber ends were introduced into custom-
made liquid cells, surrounded and fixed by standard PEEK tubing connectors [10]. A flow 
meter was used to monitor the flow through the system. Supercontinuum light (from 475 to 
2200 nm), generated by a 1064 nm pump laser and a 20-m-long endlessly-single mode (ESM) 
PCF, was used as source in the system. Light was in- and out-coupled to the liquid-filled 
kagomé HC-PCF using standard microscope objectives. A beam splitter (BS) was used to 
reflect a small fraction of the light transmitted through the HC-PCF on to a charge coupled 
device (CCD) camera, which measured the irradiance profile of the guided mode. The 
remainder of the light was coupled into an optical spectrum analyzer (OSA), monitoring the 
changes in absorption. The time-evolution of DR1 was monitored on line by optical 
absorption spectroscopy at 510 nm. 
((Figure 1)) 
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3. Results and discussions 
3.1 Nanoparticles characterization and catalytic behavior  
 
Fig. 1b shows the representative TEM image of 6.3 nm PtNi NPs (see Fig. S1 in the SI for 
TEM images and particle size histograms of the NPs at different sizes). The obtained NPs 
showed a well-defined truncated octahedral shape in a mixed PtNi nanoalloy, confirmed by 
the measured interplanar distance [34]. 
The catalytic activity of monometallic Pt and bimetallic PtNi NPs in the hydrogenation 
reaction of DR1 was firstly studied using a conventional stirred-tank reactor (see SI for 
experimental details). A clear positive synergic effect between Pt and Ni metals was observed, 
as PtNi-12 nm showed in the hydrogenation of DR1 almost a 3 times higher reaction kinetic 
constant, compared to Pt-12.4 nm NPs (see Fig. S2 in the SI). Furthermore, the effect of H2 
pressure, concentration, and size of PtNi NPs on the hydrogenation of DR1 was also 
investigated. Data on the catalyst concentration influence is given in Fig. 2. The degradation 
of DR1 was appropriately fitted by a reaction model being second order for DR1. As a 
pressure variation was showing only a minor effect on the kinetics in the range studied in this 
work (1-10 bar, Fig. S3) a zero order for H2 was employed in the model. Interestingly, the 
reaction rate was observed to clearly depend on the size of the NPs (Fig. S4), which indicates 
that the DR1 hydrogenation is indeed a structure-sensitive reaction. The activity exhibits a 
volcano-dependent behavior on the NP sizes, with the maximum activity obtained at 6.3 nm. 
(see Fig. S5 in the SI).  
((Figure 2)) 
3.2 Optical losses 
 
In first immobilization experiments the influence of the NP deposition on resulting optical 
transmission of the fiber was investigated. For the immobilization the standard method 
described in the experimental section was employed. Furthermore, the PtNi NPs size was 
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varied as also the NP concentration in the impregnation solution (0.1 to 3 × 1017 NPs L-1). The 
loss introduced by the NPs (dB m-1) was measured using the conventional cut-back technique 
method detailed in the SI and the results are shown in Fig. 3. In all cases, the resulting HC-
PCFs were proved to maintain their excellent guidance properties, even at high NP loadings, 
and light was guided in a fundamental mode at the central core (right inset Fig. 1c). As 
expected, the average loss of the fibers at the wavelength region of interest (700-1200 nm in 
air, 350-600 nm in isopropanol) increases with the concentration of NPs in the impregnation 
solution. Strikingly, the losses are below 9 dB m-1 using a 1.8 × 1017 NPs L-1 impregnation 
solution for the medium-sized NPs. These values are considerably lower than those reported 
in our previous work of in situ growth of Rh NPs in the fibers [20]. Furthermore, the size of 
the NPs also influences the light transmission, obtaining higher losses with increasing NP 
diameters at the same impregnation solution concentration. Nevertheless, it must be noted that 
the loss introduced by the biggest particles tested is around 15 dB m-1. It means a 5 dB loss 
for the typical fiber length used in the experiments using 35 cm fiber, which allows sufficient 
transmission for in situ catalysis monitoring.  
((Figure 3)) 
3.3 Stable PtNi NPs deposition onto HC-PCFs  
 
Firstly, it needs to be noted that in line with the results obtained using the conventional reactor, 
the evolution of the conversion of DR1 in the fiber was also found to follow a pseudo second-
order kinetic model (see exemplary curves in Fig. 4). Therefore, here, the activity of the HC-
PCF microreactor within the hydrogenation of DR1 is used as a benchmark to obtain an 
“apparent” catalyst concentration. It is due to the low volume of the HC-PCF microreactor, 
which is in the range of nL cm-1, the immobilized amount of NPs is difficult to determine e.g. 
by classical CO-Chemisorption or ICP methods. The kinetic obtained in the conventional tank 
reactor under the same operating conditions and with known concentration and number of 
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catalyst NPs is used as reference (see Fig. S6 for the calibration curve correlating activity to 
catalyst concentration). The apparent concentration of NPs is the concentration, which would 
be needed to obtain in the tank reactor the same activity as observed experimentally within the 
HC-PCF microreactor. 
((Figure 4)) 
With this approach, the resulting apparent catalyst concentration determined through the 
initial catalytic activity of the fibers were observed to strongly depend on the impregnation 
time as depicted in Fig. S7. In this sense, fibers prepared using fifteen-minute impregnation 
times exhibited the highest starting loading with NPs in the fiber. Nevertheless, for longer 
time on streams (e.g. 240 min) it became obvious that the activity drops strongly (e.g. by 
~50%). Thus, it seems that not all initially deposited NPs are stable immobilized and weakly 
bonded NPs are lost during a long-time study. To investigate the stability of the NPs 
attachment, the fibers with the maximum apparent number of clusters after 15 min of 
impregnation time were continuously flushed with isopropanol (10 µL min-1) for several 
hours. Interestingly, the flushing resulted in a notable reduction of the activity and 
approximately 90% of the active sites washed  away from the internal core of the fiber. This 
suggests that after the immobilization two types of NPs are present inside of the fiber. Weakly 
attached NPs, which are easily dragged by the isopropanol flow and strongly attached ones, 
which remain even after long time flushing. The strongly attached NPs are most likely those 
who have a direct interaction with the fiber surface, and their adhesion forces can be 
estimated to be in the range of 10-9 Newtons [36, 37], which are well above  the drag force 
(~0.001 nN) experienced by the NPs close to the HC-PCF surface during the flow. As a result, 
after flushing an apparent constant catalyst concentration in the fibers of approx. 7.3 mg L-1 
results, more or less independent of the initial NPs concentration (see Fig. S8). 
These findings represent a backdrop in the preparation of reliable catalytic HC-PCF 
microreactors, where only strongly attached NPs are present and thus reliable catalytic results 
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can be obtained. For a reproducible preparation of catalytic PCF microreactors it is therefore 
suggested to deposit initially an excess number of NPs allowing to fill all strong anchor sides. 
Subsequently, weakly attached NPs need to be flushed out. For the NPs used within this study 
this is achieved with an impregnation time of fifteen-minutes and a subsequent five-hours 
isopropanol flushing. While for the different preparation methods presented in Fig. S8 the 
number of particles deposited varied by a factor of ~40, with the new method and for different 
fibers an average number of 4.43 × 1015 NPs L-1 with a very low standard deviation of 0.46 × 
1015 NPs L-1 could be achieved. Remarkably, it is important to highlight that the total amount 
of PtNi catalyst used to prepare the tiny HC-PCF microreactors for similar kinetic results as in 
the classical tank reactor, is six orders of magnitude lower (~1×10-9 vs. 1×10-3 g of Pt), 
highlighting the major opportunities that HC-PCF microreactors offer in low-cost screening of 
novel catalysts.. 
 To get additional insights to the results obtained with 6.3 nm NPs also 4.4 and 8.3 nm 
PtNi bimetallic NPs were immobilized in HC-PCF microreactors following the new method. 
Fig. 5 depicts the apparent number of NPs calculated from the catalytic experiments (see 
values in Tab. 1). For 6.3 and 8.3 nm particles, an apparent similar amount in the range of 4.5 
to 5.8 × 1015 NPs L-1 were deposited. Interestingly, the 4.4 nm particles could be immobilized 
with an approx. 2.5 higher particle density. Remarkably, this higher  NP density did not affect 
the light transmission of the fiber, and  optical losses of the isopropanol-filled HC-PCFs were 
as low as  2 dB m-1. Increasing the NPs size increased the losses, despite the lower number of 
NPs present (6.3 nm= ~19 dB m-1 and 8.3 nm= ~24 dB m-1 in isopropanol-filled HC-PCFs), 
confirming that the optical losses are mostly governed by the size of the immobilized NPs. 
Thus, in the range of interest for catalysis, which is approx. below 10 nm, the optical 
properties of the resulting HC-PCF microreactors are sufficient to carry out in situ 
spectroscopic experiments. Especially for smaller particles < 5 nm the scattering losses reduce 
strongly, which would allow to use even meter-long HC-PCF microreactors for increasing 
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spectroscopic sensitivity. Finally, to test the stability of the immobilization after the new 
procedure, kinetic experiments were carried out with an as prepared HC-PCF microreactor 
and after an additional 50 h flushing with isopropanol. During this extended period, the 
catalytic activity dropped only by slightly by 15%.  
((Figure 5)) 
((Table 1)) 
4. Conclusion 
 
It has been developed a method for the stable immobilization of well-defined PtNi 
bimetallic catalyst NPs inside HC-PCF microreactors for in situ catalysis monitoring, while 
the sizes are in the range of interest for catalytic studies (< 10 nm). These novel ex situ-
synthesized and size-controlled PtNi NPs were demonstrated to remain highly attached into 
the fiber for long-term experiments. They also, for small sizes, reduced the scattering losses 
compared to previous methods of in situ growth of particles inside the fibers. In addition, the 
measured catalytic activity in the fibers was found to be in good agreement with the results 
obtained in the conventional tank reactor. Remarkably, the tiny HC-PCF microreactor 
requires six orders of magnitude less amount of precious catalyst to obtain kinetic information 
as a conventional tank reactor. For these reasons, this new generation of HC-PCF 
microreactors could offer unprecedented opportunities in catalyst screening for structure 
sensitive, and long-term reactions. 
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Symbols 
L Fiber length [cm] 
n Refractive index [-] 
 
Abbreviations 
(BS) Beam splitter 
(CCD) Charge coupled device 
(DR1) Disperse Red 1 
(HC-PCF) Hollow-core photonic crystal fiber 
(NPs) Nanoparticles 
(OSA) Optical spectrum analyzer 
(SI) Supporting information 
UV/Vis Ultraviolet/Visible 
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Table 1. Impregnation times, rate constants and calculated apparent number of catalysts 
present in HC-PCF microreactors loaded with an immobilization solution of 1.2 × 1017 NPs L-
1.  
 
Denomination 
Impregnation 
time Flow time NPs size k‘ 
Apparent catalysts 
concentration Apparent #NPs per liter 
[s] [h] [nm] [L umol-1 s-1 ] [mg L-1] [1015 NPs L-1] 
6.nm-HC1-0 < 3 0 6.3 0.000138 5.0 3.04 
6.nm-HC2-0 300 0 6.3 0.000925 20.2 12.30 
6.nm-HC3-0 900 0 6.3 0.005460 58.5 35.52 
6.nm-HC3-5 900 5 6.3 0.000220 7.3 4.43 
6.nm-HC3-50 900 50 6.3 0.000178 6.2 3.77 
4.4nm-HC3-5 900 5 4.4 0.000347 12.0 18.00 
8.3nm-HC3-5 900 5 8.3 0.000152 43.0 5.81 
 
 
Figure Legends 
 
Figure 1. (a) SEM image of the kagomé HC-PCF used in the experiments, (b) TEM image of 
6.3 nm PtNi NPs, and (c) Optical setup used for the DR1 hydrogenation in particle-deposited 
kagomé HC-PCFs. Inset left shows the side-view of the irradiated kagomé HC-PCF. Inset 
right shows the guided mode in the core, when the fiber is filled with isopropanol and 
impregnated with 6.3 nm PtNi NPs. MMF: multimode fiber. 
Figure 2. Effect of PtNi-6.3 concentration on DR1 hydrogenation in a conventional stirred-
tank reactor. Experimental (symbols) and predicted (lines) values. 
Figure 3. Average loss at 600 nm of the air-filled fibers impregnated with different 
immobilization solution concentration of NPs following the standard method (lines guide the 
eye).  
Figure 4. (a) Example of conversion vs. time curves of a HC-PCF (6.3 nm NPs, impregnation 
time: 5 min without flushing) and a batch reactor (6.3 nm NPs and 6.5 mg L-1 catalysts 
concentration), and (b) Example fitting of the hydrogenation of DR1 in HC-PCFs (6.3 nm 
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NPs, impregnation time: 5 min without flushing) compared to a batch reactor (6.3 nm and 6.5 
mg L-1 catalysts concentration) to a second order reaction kinetic model. 
Figure 5. Apparent number of clusters present in the inner core, and optical losses in 
isopropanol-filled HC-PCFs with different bimetallic NP sizes. 
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